We report the gas-phase detection and spectroscopic characterization of ethynethiol (HCCSH), a metastable isomer of thioketene (H 2 C 2 S) using a combination of Fouriertransform microwave and submillimeter-wave spectroscopies. Several a-type transitions of the normal species were initially detected below 40 GHz using a supersonic expansionelectrical discharge source, and subsequent measurement of higher-frequency, b-type lines using double resonance provided accurate predictions in the submillimeter region.
Introduction
From a fundamental perspective, the structure and properties of small organosulfur molecules have long fascinated theorists [1] [2] [3] [4] and experimentalists alike. 5, 6 Much of this interest stems both from the large number of minima on the potential energy surface that are predicted to exist even when the molecule consists of a relatively small number of atoms, and from the multitude of distinct reaction pathways that might preferentially produce these isomers. Interest in small organosulfur molecules has only intensified in recent years, driven by the discovery that small, hydrogen-deficient sulfur bearing molecules such C 2 S and C 3 S are ubiquitous in cold molecular clouds and other astronomical sources. In contrast, their hydrogen-terminated counterparts appear conspicuously absent.
Organosulfur molecules with the [H 2 ,C 2 ,S] formula are one such example. As many as six different stable, singlet isomers have been predicted, with roughly twice that number of triplet variations. 7 Although the stability and relative ordering of the highest energy isomeric arrangements is not fully resolved, there is a general consensus from the electronic structure calculations as to the ordering of the three lowest-energy isomers ( Fig. 1 ): thioketene (H 2 CCS), the most stable and the most extensively studied isomer; [8] [9] [10] ethynethiol (HCCSH), the thioenol form predicted here to lie roughly 60 kJ/mol higher in energy; and thiirene (c-H 2 C 2 S), the three-membered heterocycle lying ∼135 kJ/mol above the ground state. 7 Due to their high reactivity, the latter two species have remained somewhat enigmatic in the laboratory. While both are known to form from the decomposition of thiadazoles under ultraviolet irradiation in an argon matrix, 5, 6, 8, 11 the intermediate steps that allow isomerization between the three species remain unclear, despite their importance as potential intermediates in chemical synthesis 12 and photochemistry. 13, 14 These higher energy isomers may also be of astronomical interest, as their relative abundances in space directly probe the competition between reaction kinetics/dynamics and thermodynamic equilibrium.
Other organosulfur species, specifically the cumulenic C n S 15-17 and H 2 C n S chains, 18 and the HC n S free radicals, 19 have been extensively studied by rotational spectroscopy, largely motivated by their possible astronomical interest. A by-product of these studies has been precise molecular structures and in some cases detailed information on the electronic distribution. Because small sulfur species, such as H 2 S, only account for a small fraction of the available sulfur in these molecular clouds, it has been widely theorized that the "missing" sulfur is sequestered in either the condensed phase or in yet undetected sulfur-bearing molecules. For this reason, astronomical searches for new organosulfur species are often undertaken once accurate rotational line frequencies become available.
Driven by a desire to better understand the low-lying isomers of small organosulfur species, and to identify possible new transient species that might serve as attractive "sinks"
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)XL]RIXLMSP To fully characterize its rotational spectrum, measurements have been made both at centimeter wavelengths using Fourier transform (FT) microwave spectroscopy and at submillimeter wavelengths using a direct absorption spectrometer. To gain insight into the formation pathway of HCCSH in our discharge nozzle source, isotopic investigations have been performed using isotopically-enriched precursors. Complimenting this study are thermochemical calculations using the HEAT protocol have been made to establish the exothermicity of the SH + CCH reaction, and more accurately determine the relative stability of the lower-lying [H 2 ,C 2 ,S] isomers. A by-product of the isotopic measurements is a determination of a semiexperimental (r se e ) structure for HCCSH. This structure is discussed in comparison to purely equilibrium ones predicted from coupled cluster calculations.
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Experimental and computational methods
Quantum-Chemical Calculations
Calculations were performed using the CFOUR suite of electronic structure programs.
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Unless otherwise specified, all-electrons (ae) are correlated in the post-Hartree-Fock (HF)
calculations, using coupled cluster methods with single, double, and perturbative triple [CCSD(T)] 21-23 excitations and correlation consistent basis sets with core-valence basis functions (cc-pCVXZ) 24, 25 and without (cc-pVXZ) 26 of double (X = D), triple (X = T), and quadruple (X = Q) zeta quality. Accurate predictions of the equilibrium structure of HCCSH were obtained by performing geometry optimizations using CCSD(T)/cc-pCVXZ (X = D, T, Q), and the various spectroscopic parameters (e.g. equilibrium rotational constants, quartic centrfigual distortion constants) calculated with the cc-pCVQZ geometry. First order vibration-rotation interaction constants required for a semi-experimental molecular structure were calculated under the frozen-core approximation with fc-CCSD(T)/ANO0.
To estimate the reaction thermochemistry, we performed HEAT345(Q) calculations which routinely yield chemical accuracy (∼1 kJ/mol). 27, 28 Since the scheme has been described in previous publications, we only briefly outline it here. Using the CCSD(T)/cc-pVQZ geometry, a series of additive contributions are calculated, including: complete-basis set (CBS) extrapolations of correlation energy using CCSD(T)/aug-cc-pCVXZ (X = T, Q, 5); the harmonic zero-point energy (CCSD(T)/cc-pVQZ); extrapolated corrections to the pertur- 33 The contributions to the total composite energy used to calculate the total HEAT345(Q) energy are given in Table 3 For completeness, the relative energetics of the lower-lying [H 2 ,C 2 ,S] isomers, have also been re-calculated with a lower level of computation sophistication. For these calculations, the [T -(T)] term has been omitted, and due to linear dependence in the largest basis used for the correlation calculations on c-H 2 C 2 S, the extrapolated CCSD(T)/CBS calculations utilized the cc-pCVXZ (X = T, Q, 5) basis sets instead of their augmented variants are used in the HEAT345(Q) treatment.
Fourier-transform microwave spectroscopy
Experiments at centimeter-wavelengths were conducted first in Cambridge using a FT microwave spectrometer that has been extensively described in previous publications. 34 To produce HCCSH, acetylene (HCCH; 5 % in Ne) and hydrogen sulfide (H 2 S; 2 % in Ne) were mixed in-line and further diluted by tenfold with Ne at a backing pressure of 2.5 kTorr.
The mixture was introduced along the axis of a microwave cavity via a discharge nozzle operating at 5 Hz. This nozzle source is electrically isolated from the large aluminum cavity mirror on which it is mounted, and, by means of a small hole near the center of the mirror, the gas mixture adiabatically expands into the large vacuum chamber. By applying a voltage potential between the two cylindrical copper electrodes (1.2 kV) in the discharge stack, many collisions with electrons, atoms, and precursor molecules and its fragments occur prior to adiabatic expansion, yielding a rich broth of familiar and exotic molecules. As the gas reaches the beam waist of the cavity, a pulse of resonant microwave radiation polarizes the plasma. The resulting free-induction decay is detected with a sensitive microwave receiver, the Fourier-transform of which yields the frequency spectrum. Powerful and flexible in-house software is used to control, optimize, and acquire data in the 5-40 GHz frequency range of this spectrometer. For isotopic measurements, isotopically-enriched precursors gases such as D 2 S, DCCD, H 13 C 13 CH, etc., were used instead of the normal sample at the same level of dilution.
Once candidate a-type lines of HCCSH were identified, subsequent high-frequency, b-type transitions were sought using double resonance, since these lines are predicted to lie well above the frequency ceiling of the microwave cavity. In this type of experiment, the cavity spectrometer is tuned to the frequency of a low-J, a-type line, and radiation generated from an active multiplier chain in combination with a second synthesizer is aligned to intersect the beam waste of the cavity. The frequency of this second radiation source is sequentially stepped in small intervals (typically 0.1 MHz) so as to cover the frequency range predicted for the transition. A significant decrease in line intensity is normally observed when the two rotational transitions share a common upper or lower rotational level owing to loss of coherence. Although many hundreds or even thousands of steps may be required to detect these lines, wide frequency sweeps -covering a GHz or more -are readily performed under computer control. The frequency precision attained by the cavity measurements is on the order of 2 kHz. Due to broader lineshapes and lower signal-to-noise ratio, frequency precision of the order of (∼30 -50 kHz) is achieved for double resonance experiments.
Millimeter-wave direct absorption spectroscopy
The submillimeter experiments were performed in Orsay in the 280-660 GHz region using a direct absorption spectrometer. 35 Briefly, the radiation from a post-amplified synthesizer (7.8-12.2 GHz) drives a commercial frequency multiplier source (Virginia Diodes, Inc.). An off-axis parabolic mirror collimates the radiation from the multiplication chain into a 1.2 m long single path Pyrex absorption flow cell equipped with teflon windows, and the output radiation is focused onto a liquid-helium cooled Si-bolometer detector. The flow cell is equipped with a radio frequency resonator driven by a generator that can provide as much as 100 W.
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In the present experiment, the gas flow was maintained by a mechanical pump (pumping 
Results and discussion
On the reliability of the ab initio structure determination and dipole moment
The rotational constants and projections of the dipole moment derived with each basis set are reported in Table 1 , while the structural parameters obtained at the largest basis (ccpCVQZ) is shown in Figure 2 . Regardless of the basis set, the calculations consistently predict that HCCSH is a near-prolate asymmetric top (asymmetry parameter, κ = −0.999),
with a heavy atom linear backbone nearly coincident with the a inertial axis. Since the S-H bond is close to perpendicular with respect to the heavy backbone, the a and b components of the electric dipole moment are both non-zero, and the A rotational constant is significantly larger than B and C (∼290 GHz compared to roughly 5 GHz). Values in parentheses (and in black) are obtained at the ae-CCSD(T)/cc-pCVQZ level, while the orange parameters correspond to the best-fit semi-experimental parameters (Table 4) . Dipole moments (in Debye) are calculated using the CCSD(T)/cc-pCVQZ structure at the same level of theory.
By performing systematic geometry optimizations, it is possible to assess the convergence of the rotational constants and dipole moments with increasing size of correlation consistent basis sets. As summarized in Table 1 absence of a lone pair on the C atom substantially diminishes the polarity relative to free CCS, with our calculations suggesting at the highest levels of theory that µ a is vanishingly small, comparable to that of CO.
With respect to the rotational constants, larger basis sets tend to lead to bond length contraction, which in turn decreases the three moments of inertia, and increases the magnitude of these constants, as Table 1 illustrates. The fractional increase in the rotational constants with respect to the size of the basis set is similar for all three constants (of the order of 2.5 % change between cc-pCVDZ and cc-pCVTZ and 0.5 % between cc-pCVTZ and cc-pCVQZ). However, owing to the much larger value of the A constant, even small fractional differences still correspond to large changes in its magnitude. For example, A e changes by ∼600 MHz between cc-pCVTZ and cc-pCVQZ, while B e and C e only differ about 30 MHz with respect to the same two basis sets. Not withstanding the small µ a for HCCSH, quite reliable estimates of its low-frequency a-type lines (which scale as integer multiples of B + C)
can be made, but much larger and therefore time-consuming searches are required to detect its high-frequency b-type lines (which are roughly A + C). Despite the small µ a , a key advantage of FT microwave spectroscopy is that line intensities scale as µ as opposed to µ 2 in conventional absorption or emission spectroscopy, allowing weak polar species to be routinely detected by this technique. 
Laboratory investigation of the HCCSH rotational spectrum
From the ab initio structure, the three lowest a-type transitions; J = 1 01 − 0 00 (J = 1 − 0), 2 02 − 1 01 (2 − 1), and 3 03 − 2 02 (3 − 2), predicted at roughly 11, 22, and 33 GHz, respectively, lie well within the frequency range of our FT microwave spectrometer. A search for the fundamental a-type transition was undertaken first, and soon after yielded an unidentified line within a few MHz of our best estimate (at 10,985 MHz compared to the predicted value of 10,988 MHz from the equilibrium constants, see Table 1 ). Subsequent screening tests have established that i) this spectral feature requires an electrical discharge; ii) its line intensity is insensitive to the presence of an external magnetic field; and iii) it requires both precursor gases, H 2 S and HCCH. Furthermore, the line intensity is maximized at high microwave powers, implying the carrier has a small dipole, which we roughly estimate to be From frequency predictions derived from these best-fit constants, the spectroscopy of HCCSH has been extended into the millimeter and submillimeter regime using a standard absorption spectrometer. Because many levels are thermally populated in the room temperature radio-frequency discharge source, it was straightforward to measure many b-type lines in this spectral region ( Figure 5 ). Under our experimental conditions, strong transitionsmainly K a = 0 b-type lines-of HCCSH at 300 K fall within the range of the spectrometer.
In total, an additional 93 lines up to the r R 0 (36) and r Q 0 (67) were assigned. We note that frequency coverage was limited by the output of the active multiplier chain units, rather than the temperature of our sample.
Determination of the spectroscopic parameters
Spectroscopic parameters were determined using the SPFIT/SPCAT suite of programs. Table 2 . Right: Representative trace of the millimeter-wave absorption spectrum; the abscissa indicates the center frequency of the transition.
of B and C, a Watson-S Hamiltonian in the I r representation was employed. For the main isotopic species, a total of 9 free parameters were required to reproduce the available data to an RMS of 46 kHz (Table 2 ). In addition to the three rotational constants, three of the five quartic centrifugal distortion terms were varied, as was one sextic (h 1 ) off-diagonal term, while D K and d 2 were constrained to their ab initio values. As indicated in Table 2 , the ab initio equilibrium constants are in extremely good agreement with the experimentallyderived ground state constants, within 1% or less. When comparison is possible, the experimental centrifugal distortion constants are also in good agreement with the ab initio values.
The experimentally-derived inertial defect (0.093 amuÅ 2 for HCCSH and 0.0129 amuÅ 2 for HCCSD) is consistent with a planar geometry, as expected from the ab initio calculations.
The best-fit spectroscopic constants for all six rare isotopic species are reported in the supplementary material. Owing to the small number of measured rotational transitions for most of these species, a complete spectroscopic analysis was not feasible. In these cases, some rotational constants were fixed to the corresponding ab initio value scaled by the ratio 
Formation Chemistry
To establish if there is a clear and dominant mechanism responsible for HCCSH in our discharge nozzle, a systematic series of isotopic labelling studies were performed using our FT microwave spectrometer. The strong preferential production of HCCSD when D 2 S was used in place of H 2 S as a precursor gas, and the absence of detectable quantities of HCCSH when CS 2 is used as an alternative source of sulfur, provide very strong evidence that the SH radical plays a central role in molecule formation.
To explore the formation mechanism in greater detail, two different sources of 13 CH). Figure 6 shows the assay matrix, in which the fundamental rotational transition of each 12 C/ 13 C species was sequentially measured using the two hydrocarbon mixtures. As illustrated in this Figure, CSH were readily observed as discharge products, implying that there is little or no scrambling of the carbon atoms and that the C 2 unit remains intact during molecule formation. In combination with the preferential formation of DCCSH using DCCD as a precursor, we conclude with a high degree of confidence that the reaction most likely involves the C 2 H radical. Taken together, all of the available isotopic data is consistent with a simple and direct pathway to form HCCSH in our discharge: homolytic cleavage of the H-S bond of H 2 S and the H-C bond in acetylene, followed by radical-radical recombination.
This conclusion is supported by HEAT345(Q) calculations, with the individual contributions organized in Table 3 . The total HEAT energies are used to calculate the standard 0 K reaction enthalpy for SH + CCH −−→ HCCSH, which is determined to be -477.2 kJ/mol with a nominal statistical uncertainty of ±1 kJ/mol. 40 This value is in qualitative agreement with the lower level estimations by Yamada et al. 7 , who used B3LYP geometries and zero-point energies combined with CCSD(T)/aug-cc-pVTZ energies to obtain a value of -436 kJ/mol. Figure 6 : Carbon-13 enriched assays of HCCSH and its isotopologues using two hydrocarbon samples. Each spectrum displays the J = 1 − 0 transition of the four 13 C species of HCCSH, displayed as an offset with respect to its rest frequency as listed in the SI. The top row indicates the results obtained with a statistical mixture of carbon-13 enriched HCCH, while the bottom row is the same set of measurements, but with a mixture of pure HCCH and H 13 C 13 CH. Each scan was accumulated for one minute at a collection rate of 5 Hz. The molecular structure of HCCSH
Because a large number of isotopic species have been observed in the present work, it is possible to derive both experimental (r 0 ) and semi-experimental (r se e ) structures for HCCSH. In either structural determination, the six unique structural parameters, the four bond lengths, and the two bond angles (CCS and CSH) as depicted in Fig. 2 , were optimized using a standard non-linear least-squares minimization procedure 41 to reproduce to the nine moments of inertia of all seven isotopic species. A planar structure was assumed. For the r 0 structure, B and C for both HCCSH and HCCSD (Table 2 ) along with B +C for the remaining isotopic species are used, while for the r se e structure, these constants are first corrected for zero-point vibrational motion, as calculated theoretically using second-order vibrational perturbation theory (VPT2). 42, 43 The corrected rotational constants are derived using the ). Although all seven parameters were determined in the r se e structure, it
is not possible to determine the small predicted departure of the CCS angle from linearity in the r 0 structure, so this angle was simply fixed at the theoretical value. This difference aside, the two experimental structures are very similar: the heavy atom bond lengths are not statistically different, but as might be expected when vibrational corrections are included, both the S-H and C-H bonds contract slightly from the r 0 to the r se e structure.
The r se e remarkably well reproduces the available isotopic data: all nine constants are reproduced to better than 0.06 MHz, resulting in statistical uncertainties in the sub-mÅ range for the bond lengths. Furthermore, this structure and the equilibrium structure calculated with theory are in near perfect agreement: differences among the four bond lengths amount to no more than 2 mÅ, while the differences between the two angles are at most 0.6
• . 
Stability and relative abundances of the [H 2 ,C 2 ,S] isomers
The re-computed relative energies of the three lowest energy [H 2 ,C 2 ,S] isomers are shown in Figure 1 . The values derived here are in qualitative agreement with those obtained with the latest MP2/6-311G(2d,p) and B3LYP/6-311G(2d,p) calculations by Frolov et al. 4 , and other calculations. 7 In all cases, the energy ordering of the three isomers is identical, however, there are quantitative differences in the relative energetics. 
Prospects for detection of higher-energy isomers
A combination of discharge sources and supersonic jets has been used extensively to study higher-energy isomers, [45] [46] [47] [48] and HCCSH is no exception. Under some experimental con-ditions, HCCSH is produced much more efficiently than the ground state isomer H 2 CCS, despite the much lower stability of the former (56 kJ/mol). The implication of this and previous studies is that collisional cooling near the throat of the expansion is fast relative to the timescale for unimolecular isomerization. The efficiency of "trapping" energetic isomers appears particularly high when isomerization barriers are substantial, as has previously been calculated for HCCSH ↔ H 2 CCS interconversion (∼80 kJ/mol; Ref. 49 ). These results are in sharp contrast to the mechanisms at play in cryogenic matrices. 5, 6 In previous studies in argon matrices following UV irradiation of thiadazoles, it was found that H 2 CCS formed first, and subsequent isomerization produced higher-energy species such as HCCSH and c-H 2 C 2 S. At sufficiently long time scales however, HCCSH is thought to rapidly tautomerize to H 2 CCS.
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The present work suggests gas-phase detection of thiirene c-H 2 C 2 S should be feasible with our FT microwave spectrometer. Theoretical calculations 7 also conclude that once formed, there are sizable isomerization barriers (of order 100 kJ/mol) to either H 2 CCS or c-H 2 CCS.
Given i) the high abundance of HSCCH that can be achieved; ii) the high accuracy with which the rotational spectrum of c-H 2 C 2 S can likely be predicted; and iii) its high polarity, it would be surprising -perhaps even disappointing-if the rotational spectrum of this small, elusive antiaromatic heterocycle is not eventually be found.
Astronomical implications
Because there is very strong evidence the SH + CCH reaction is responsible for HCCSH in our discharge nozzle, and because the HEAT345(Q) energetics confirm this reaction is highly exothermic (-477 kJ/mol), it is conceivable this metastable isomer might form preferentially in the interstellar medium, especially so since both the SH and CCH radicals are widely abundant and widely distributed there. If relevant, this mechanism should be efficient even in low temperature environments such as dark molecular clouds (∼20 K) which may make HCCSH a viable sink of sulfur content there, a particularly intriguing possibility since this element is known to heavily depleted in these regions.
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With the spectroscopic constants listed in Table 2 , it is possible to predict the astronomically most interesting lines over the entire range of interest to radio astronomers. Of particular importance is the strong b-type lines, which can now be predicted to better than 0.1 km sec −1 in terms of equivalent radio velocity up to 800 GHz. Using the experimental data, we are performing preliminary interstellar searches based on ALMA observations towards star-forming regions, as well as archival and publicly available datasets from the Green Bank Telescope and Herschel Space Telescope. The analysis on HCCSH and H 2 CCS (e.g.
upper limits on column densities) will be detailed in a forthcoming paper.
Conclusions
A high-resolution study on the gas-phase rotational spectrum of HCCSH, the second most stable isomer with the elemental formula [H 2 ,C 2 ,S] was carried out. By measuring a total of 100 pure rotational transitions using on a combination of Fourier-transform microwave and submillimeter-wave spectroscopies guided by high level ab initio predictions, its rotational spectrum has been characterized from 10 to 660 GHz. Accurate spectroscopic parameters have been determined from a fit of the experimental frequencies to a standard asymmetric top
Hamiltonian with up to sextic centrifugal distortion constants. CSH. The isotopic measurements were beneficial in two other ways: to determine the molecular structure of HCCSH, and to infer its formation pathway in the electrical discharge, which we deduce to be radical recombination of SH + C 2 H → HCCSH. This reaction is highly exothermic (-477 kJ/mol), as determined with the HEAT345(Q) method. The relative energetics of the [H 2 ,C 2 ,S] isomers have also been determined to higher accuracy compared to previously published methods.
With accurate predictions for transition frequencies of HCCSH up to about 1 THz, astro-nomical searches for this molecule can now be undertaken with confidence. While HCCSH is not the ground state isomer, considering it is preferentially formed via radical-radical recombination of two abundant interstellar species -namely SH and C 2 H -and that kinetics rather than thermodynamic considerations often prevail in interstellar chemistry, this isomer appears to be a good candidate for astronomical detection. Using the same laboratory techniques, detection of c-H 2 C 2 S would appear promising.
